The adsorption mechanism of single thiophene (C 4 H 4 S), 4-thiophene (C 16 H 10 S 4 ), and their dimers on the Cu(111) surface has been studied in the framework of the density functional theory (DFT). The importance of the London dispersion effects on the molecule-surface adsorption geometry and the corresponding binding energy was investigated by using semiempirical and first-principles methods. Interestingly, the physisorption character of the thiophene bonding on Cu(111) suggested by strength of the molecule-surface interaction as revealed by the DFT calculations turns out to be a weak chemisorption even for the DFT ground-state geometry when a nonlocal correlation energy functional [Dion et al., Phys. Rev. Lett. 92, 246401 (2004)]isused.Ourab initio calculations also suggest that the formation of thiophene and 4-thiophene dimers is energetically favorable with respect to the adsorption of single molecules.
I. INTRODUCTION
The use of single molecules as basic functional units in molecular electronic devices represents an appealing route to overcome the intrinsic limits of the silicon-based technology used to manufacture integrated circuits. 1 In this respect, the viability of the theoretical concept 2 to integrate organic molecules in electronic devices was experimentally demonstrated for diodes, 3, 4 field-effect transistors, 5 switches, 6, 7 or ultrahigh-density memory circuits. 8 A fundamental issue in molecular electronics is the ability to theoretically understand and thus to predict the properties of molecule-surface systems used in nanoelectronic devices. Of particular interest is the nature of the adsorbate-substrate interaction since its strength is one factor which controls the electron flow in a molecular-based device. 9, 10 Among the molecule-surface systems of interest from this perspective, the thiophene (C 4 H 4 S) on a metal surface such as Cu(111) is an appealing choice since thiophene is a basic functional unit of oligothiophene used to build, for instance, a molecular field effect transistor 11 or molecular wires on the NaCl/Cu(111) system. 12 From the experimental point of view, thiophene molecules adsorbed on the Cu(111) surface have been investigated by Milligan et al., 13, 14 Imanishi et al., 15 and Rousseau et al. 16 In these normal incidence x-ray standing wave (NIXSW), near edge x-ray absorption fine structure (NEXAFS), and temperature programmed desorption (TPD) measurements, the focus was on the details of the ground-state geometry such as the adsorption site, the molecule-surface distance, and the tilt angle of the thiophene molecules for different coverages as well as on the corresponding adsorption energy. While no clear picture on the adsorption geometry of a single thiophene molecule on Cu(111) emerged from the experimental side, the TPD experiments suggest that a single thiophene is weakly chemisorbed on this substrate.
Besides this, the adsorption of single or a self-assembled monolayer (SAM) of oligothiophene molecules with a different molecular length on several metal surfaces was also studied. For instance, the 6-thiophene (C 24 H 14 S 6 ) on Cu(110) was experimentally investigated by Kiguchi et al. 17 Recently, Kakudate et al. 18 have examined the adsorption of 8-thiophene (C 32 H 20 S 8 ) on the Cu(111) surface at room temperature. Their study revealed that on this substrate, these molecules form a chainlike structure whose orientation depends on the coverage. More specifically, at low coverages the molecular chains are oriented along the 11-2 surface direction while with increasing coverage the 8-thiophene chains start to align along the 110 direction too.
From the theoretical point of view, a single thiophene adsorbed on metal surfaces such as Ni(100), 19 Ni(110), 20 Pd(100), 19 Cu(100), 19 Cu(110) 21 , Cu(111), 22 and Au(111) [22] [23] [24] has been investigated by means of the density functional theory (DFT). These studies indicate that thiophene interacts strongly with the Ni(110) and Ni(100) substrates leading to its desulfurization while this process does not occur in the case of the Pd(100), Cu(100), Cu(110), Au(111), and Cu(111) surfaces. Importantly, as discussed in detail in Refs. 21 and 22, the proper description of a single thiophene molecule adsorbed on the Cu(110) and Cu(111) surfaces required the inclusion of the van der Waals (vdW) interactions in their DFT calculations.
In this theoretical study we have focused on the investigation of the structural and electronic properties of single thiophene (C 4 H 4 S) as well as 4-thiophene (C 16 H 10 S 4 ) and their dimers on the Cu(111) surface. In the case of a single thiophene on Cu(111), the London dispersion effects whose importance was emphasized in Refs. 21 and 22 are described by using two semiempirical approaches and a first-principles approach. In particular, the use of an ab initio exchange-correlation functional designed to include the nonlocal correlation effects responsible for the vdW interactions allowed us a unique insight into the importance of the nonlocal vs semilocal contribution to the adsorption energy of this system. More specifically, although the charge transfer at the moleculesurface interface indicates the formation of a chemical bond, the DFT calculations predict that the strength of the interaction between a single thiophene molecule and the Cu(111) surface would correspond rather to a physisorption. However, the use of the nonlocal correlations instead of the semilocal ones for the DFT relaxed geometry corrects this strength to that expected for a weak chemisorption. Furthermore, the relevance of the London dispersion effects on the moleculesurface adsorption geometry and its binding energy for a single 4-thiophene and dimers of thiophene and 4-thiophene molecules have also been investigated. The DFT calculations and those including the vdW interactions suggest that the thiophene and 4-thiophene dimers are energetically more favorable with respect to the adsorption of single molecules.
II. COMPUTATIONAL METHOD
Our ab initio calculations have been carried out in the framework of DFT as implemented in the VASP code. [25] [26] [27] [28] As approximation for the exchange correlation functional we applied the generalized gradient approximation (GGA) in the parametrization of Perdew, Burke, and Ernzerhof (PBE). 29 The projector augmented wave (PAW) method developed by Blöchl 30 has been used. The wave functions are expanded in a plane wave basis up to a cutoff energy of 500 eV. For structural relaxations only the Ŵ point was used to sample the Brillouin zone.
The Cu(111) surface has been modeled by a six-layer slab separated from its periodically repeated image by 15Åo f vacuum, using the theoretical lattice constant for Cu of 3.63Å. The upper three layers and the adsorbed molecule were fully relaxed until forces became smaller than 0.003 eV/Å. For the single thiophene molecule (C 4 H 4 S) we used a 5 × 3 √ 3 unit cell while the thiophene dimers were calculated in a 6 × 4 √ 3, the single 4-thiophene molecule (C 16 H 10 S 4 )i na9× 3 √ 3, and the 4-thiophene dimer in a 14 × 4 √ 3 unit cell. Due to computational costs, the number of layers was reduced for the latter to only three layers with the uppermost one allowed to relax.
The strength of the molecule-surface interaction can be determined by evaluating the adsorption energy E ads which is defined as the difference between the total energy of the relaxed molecule-metal system E tot and the sum of the total energies of the clean surface E Cu(111) and gas-phase molecule E mol :
As already discussed in the literature, 31 the nonlocal correlation effects responsible for the dispersion interaction are not correctly treated by common local and semilocal approximations to the exchange-correlation energy functional such as the local density approximation (LDA) or generalized gradient approximation (GGA). In particular, Tonigold et al. 22 showed that a proper description of the thiophene-Cu(111) system requires the inclusion of long-range vdW interactions. Several attempts have been made to correct for this drawback and the solution is to either calculate the dispersion energy E disp by semiempirical approaches or by applying recently developed ab initio nonlocal exchange-correlation functionals. The first class of methods calculates the dispersion energy of the system as a sum of two-particle interactions following the London's dispersion −C 6 /R 6 law: 32
In this study we used the scaling parameter s 6 , damping function f damp (R vdW A ,R vdW B ,R AB ), vdW radii R vdW A , and C 6 coefficients C 6,AB for the AB atomic pair as proposed by Grimme 33 and refer to it as DFT-D2 approach. Under the assumption that the total energy of the physical system can be strictly divided into DFT-and vdW-like contributions, E disp will be added to the total energy of the DFT calculation to obtain the total energy as
It is important to note that this method has been already used to describe the adsorption of several organic molecules on metal surfaces. [34] [35] [36] [37] In particular, the DFT-D2 approach leads to a reasonable molecule-surface equilibrium distance for flat π molecular systems 35, 36 while the adsorption energy is usually overestimated due to the missing screening of the van der Waals interactions (see Sec. III B).
Recently, Grimme proposed a new semiempirical approach (DFT-D3) 38 which takes into account the chemical environment of the atoms by adding a dependency of the C 6 coefficients on fractional coordination numbers. For both methods, the forces acting on atoms due to vdW interactions can be calculated analytically and used to relax the geometry of the physical system of interest. We have implemented both DFT-D2 and DFT-D3 methods in a local version of VASP and used them to investigate the role of the long-range van der Waals interactions on the adsorption of thiophene on the Cu(111) surface.
One of the most widely used first-principles nonlocal correlation functionals is the vdW-DF developed by Dion et al. 39 In this case, the GGA correlation contribution 
III. RESULTS

A. Adsorption geometry
As possible adsorption sites for a single thiophene molecule we calculated configurations with the sulfur atom occupying the top position of the Cu(111) surface [ Fig. 1 Fig. 1(h) ] sites, which are the positions of high symmetry of the (111) surface. As a starting orientation, the molecule was oriented in the 110 and in the 11-2 direction of the surface or perpendicular to the surface. We also tried one orientation rotated by 15 • with respect to the 11-2 direction but this configuration was not stable and rotated back to the 11-2 direction. As depicted in Fig. 1(a) , within DFT-PBE the most stable adsorption geometry is with the S atom almost on top of a Cu one while the molecule is oriented in the 11-2 direction. The position of the S atom in the relaxed geometry is shifted away from the exact on top position by 0.18Åin 11-2 direction. The distance between the S atom and the Cu atom directly underneath is 2.67Å. Molecule-surface distances for the DFT-PBE, DFT-D2, and DFT-D3 methods are listed in Table I . In this configuration two of the three C-C bonds are positioned on top of a Cu atom. A change of the orientation to the 110 direction [see Fig. 1(d) ] leads to an energy difference of 6 meV which is rather small. The configuration depicted in Fig. 1 (e) after moving the S atom from the top to the bridge position while keeping the orientation of the molecule fixed is 39 meV higher in energy. Thus for the adsorption of single thiophene molecules on the Cu(111) surface it is more important where the S atom is located than how the molecule is oriented.
Next we will shortly discuss the relaxation of the surface as the adsorption of sulfur-containing species on Cu(111) can lead to distortions of the surface. In the case of the adsorption of single S atoms it has been reported 42 that the strong interaction of S with the substrate leads to a significant, coverage-dependent distortion of the Cu(111) surface up to 0.1Å displacement of nearest-neighbor atoms for the lowest coverage. In our case the distances to nearest-neighbor Cu atoms in the topmost surface layer is changed by less than 0.03Å upon adsorption of thiophene. The Cu atom directly underneath the S atom is pulled out of the surface plane by 0.1Å.
In Fig. 1 (b) the side view of the thiophene molecule adsorbed on Cu(111) shows that the molecule is not adsorbed flat but tilted with respect to the plane of the surface by an angle δ = 18 • without inclusion of vdW corrections. When we relax the system including vdW corrections via DFT-D2, only the configuration with S in the top position oriented in the 11-2 direction remains as a stable configuration while all other starting adsorption geometries relax towards this configuration. The distance between molecule and surface is reduced to 2.41Å and the tilt angle vanishes. Using DFT-D3 gives a molecule surface distance of 2.66Å which is almost the same as without correcting for vdW. The tilt angle of δ = 9 • lies in between the DFT-PBE and the DFT-D2 result.
As already mentioned in the Introduction, experiments to determine the adsorption site, molecule surface distance, and tilt angle for thiophene adsorbed on Cu(111) by means of NEXAFS or NIXSW have been done by Imanishi et al., 15 Milligan et al., 13, 14 and Rousseau et al. 16 In their extensive study on different coverages of thiophene on Cu(111), Milligan et al. 14 concluded that the thiophene molecule occupies a top position and is tilted by an angle of 26 • ± 5 • on the ideal Cu(111) surface for a 0.03 ML coverage with a distance between Cu and S of 2.62 ± 0.03Å. In their work, the definition of 1 ML was one thiophene molecule per surface atom. Within this definition our coverage corresponds to 0.033 ML which is comparable to the experiment. When comparing the equilibrium molecule-surface geometries obtained with DFT-PBE, DFT-D2, and DFT-D3 approaches one can observe that for the DFT-PBE and DFT-D3 methods the adsorption position and the molecule-surface distance agree well with experiment. On the other hand, the DFT-D2 approach predicts a slightly too short molecule surface distance and, more importantly, the molecular plane lies almost flat on the Cu(111) surface at variance with experiment. As a preliminary conclusion, for a single thiophene on this copper metal surface, our ab initio calculations suggest that the DFT-D3 method provides a better description of its geometrical structure than the DFT-D2 one.
In addition to a single thiophene adsorbed on Cu(111), we have investigated three other systems, namely a thiophene dimer, a 4-thiophene (C 16 H 10 S 4 ), and its dimer on the same substrate in the limit of the DFT-PBE and DFT-D2 methods only. As will be discussed in more detail in Sec. III B,t h e reason for using DFT-D2 and not DFT-D3 is that DFT-D2 TABLE I. Adsorption energies E ads in eV, the molecule-surface distances d Cu-S inÅ, and the tilt angle δ of single thiophene adsorbed on Cu(111) evaluated with the DFT-PBE, DFT-D2, and DFT-D3 methods. The vdW-DF values for the adsorption energy E ads are obtained by postprocessing using the DFT-PBE, DFT-D2, and DFT-D3 relaxed geometries. It is important to note that in the case of the DFT-PBE relaxed geometry, the use of the vdW-DF functional modifies the strength of thiophene-Cu(111) surface interaction from that expected for physisorption to one characteristic to a weak chemisorption. On the other hand, the DFT-D2 approach significantly overestimates the experimental binding energy while the DFT-D3 calculations lead to a value remarkably close to it.
significantly overbinds compared to DFT-D3 which is critical to evaluate the reliability of our predicted adsorption geometry for 4-thiophene when compared with that suggested by STM experiments. Besides this, the DFT-D3 geometry is almost the same as the DFT-PBE one for the single thiophene molecule and only the value of the adsorption energy was modified by DFT-D3 calculations. When we included a second thiophene molecule on the Cu(111) surface in order to form a dimer, both molecules adsorb with the S atoms on top of the Cu ones. In most of the configurations shown in Fig. 2 both molecules are oriented in the 11-2 direction. The tilt angle is the same as for a single thiophene molecule. The distance between the S atoms of two molecules and the corresponding surface Cu ones in the most stable configuration [see Fig. 2 (a)]i s2 .58Å without vdW corrections and 2.40Å with DFT-D2, being slightly shorter than that for a single thiophene molecule. Similarly to the single thiophene molecule, the calculated energy differences between the starting adsorption configurations are rather small. A recent STM study at room temperature showed that 8-thiophene molecules adsorb in chainlike structures on the Cu(111) surface. 18 This study suggests that the molecular chains are oriented in the 11-2 direction for low coverages. When the coverage was increased, molecular chains oriented in 110 direction were also observed. We studied the adsorption of the shorter 4-thiophene which is already a computationally demanding task. As for the single thiophene molecules the S atoms of the 4-thiophene molecule prefer to adsorb on top of Cu atoms. Due to the geometry of the Cu(111) surface the positions of the S atoms match perfectly with the positions of Cu atoms when the molecule is oriented in the 110 direction. This observation agrees well with the result of our firstprinciples calculations. The configuration of a 4-thiophene molecule adsorbed on Cu(111) oriented in the 110 direction [see Fig. 3 (a)] is 58 meV lower in energy then that with the molecule oriented in the 11-2 direction. When we include the vdW corrections via the DFT-D2 approach, the difference is increased to 251 meV. Therefore, we obtain the opposite favored direction as observed in experiment for the cases of both DFT-PBE and DFT-D2 calculations. This conclusion is not changed when using the vdW-DF method for the DFT-PBE relaxed geometries since the molecular configuration along the 110 direction is 107 meV more stable than that along 11-2 . Furthermore, we have also investigated a configuration with the molecule's short axis perpendicular to the surface but this configuration was not stable; i.e., it relaxed to the flat-lying adsorption configuration.
The relaxed geometry of the adsorbed 4-thiophene molecule is slightly bent. The outer two thiophene units have a distance between the S atoms and the underlying Cu atoms of 3.02Å while the central two thiophene units have a larger distance of 3.18Å without vdW corrections. Therefore, the average distance between the 4-thiophene molecule and the Cu(111) surface (3.10Å) is thus significantly larger than that for a single thiophene molecule (2.67Å). When applying DFT-D2 the molecule gets closer to the Cu(111) surface. corresponding Cu atoms and the central two 2.49Å. With vdW corrections the relaxed 4-thiophene molecule becomes less bent. Also in this case one can observe that DFT-D2 leads to a stronger change of the molecule surface distance for 4-thiophene than for single thiophene molecules.
The adsorption of a second 4-thiophene molecule on the Cu(111) surface conserves the preference for the adsorption along the 110 direction. Once again, the perfect match between the position of the S atoms of the 4-thiophene molecule oriented in the 110 direction and the Cu(111) surface leads to a stronger bonding of the molecules to the surface than for the dimers oriented along the 11-2 direction. Among all the calculated configurations, the least stable one oriented along the 110 direction [see Fig. 3 
lower in energy than the most stable dimer oriented along the 11-2 direction [see Fig. 3 
Kakudate et al. 18 observed in their STM experiment that the distance between two bright lobes of an 8-thiophene molecule is 4.4Å and by this roughly 14% larger than the distance of 3.9Å between two single thiophene units in the gas phase. As a possible explanation they proposed that the molecule is elongated when it adsorbs on the Cu(111) surface. In this case also the match between the molecule and the surface would favor the 11-2 direction as 4.4Å is the distance to the next neighboring Cu atom along the 11-2 direction and each S atom would be able to adsorb on top of a Cu atom. To check the validity of this scenario, we performed calculations with a dimer of elongated 4-thiophene molecules adsorbed on the Cu(111) surface. When we allow the elongated 4-thiophene molecules to freely relax, they immediately return to their initial unstretched adsorption configuration as shown in Fig. 3(d) . This behavior is due to the huge amount of energy required to elongate the intramolecular bonds. Similar calculations carried out with the S atoms kept fixed on top of the Cu ones lead to an elongated configuration which is 5.56 eV higher in energy. In consequence, our first-principles calculations clearly indicate that such elongated configurations are not energetically stable and further theoretical and experimental investigations are required to identify the origin of the disagreement between the STM experiments and our ab intio simulations.
B. Bonding mechanism
The adsorption energy of single thiophene molecules on the Cu(111) surface has been experimentally measured. 14 Table I ) where the negative sign means that the molecule is bound to the surface. In a previous study, Tonigold et al. 22 obtained a smaller value of −0.070 meV which can be assigned to a higher coverage considered in their work. By comparing our calculated value (−137 meV) to the experimental one (−590 meV), one can observe that the theoretical adsorption energy is underestimated in DFT-PBE. However, when the adsorption energy for the relaxed DFT-PBE geometry was evaluated with the vdW-DF method, the obtained value E vdW-DF ads =−722 meV was significantly lower than its DFT-PBE counterpart and closer to the experimental one.
Its value E
We have also calculated the single thiophene-Cu(111) adsorption energy for the relaxed geometries obtained with the DFT-D2 and DFT-D3 approaches. Including the vdW corrections via the DFT-D2 method leads to an adsorption energy of E DFT-D2 ads =−1018 meV. One can observe that the DFT-D2 approach leads to a strong bonding between the molecule and the surface which overestimates the experimental value of the adsorption energy. This is due to the fact that within DFT-D2 all Cu atoms are treated with the same C 6 coefficient while in reality the polarizability and thus the corresponding C 6 coefficient should decrease with the increasing distance between the molecule's atoms and the Cu ones due to screening effects. As proposed in Ref. 37 , a way to achieve a similar effect is to reduce the number of substrate layers which are taken into account when calculating the vdW corrections. When we apply this scheme to our system such that only the uppermost surface layer is interacting with the molecule, we obtain an adsorption energy of −806 meV. This value is closer to the experimental one than those obtained with DFT-PBE and DFT-D2. On the other hand, the self-consistent calculations with the DFT-D3 method gave an adsorption energy of E DFT-D3 ads =−605 meV which is in remarkably good agreement with the experimental value. This surprisingly good agreement can be attributed to the fact that, in contrast to DFT-D2, in DFT-D3 the C 6 coefficients are distance and coordination number dependent and therefore the screening effect of the surface missing in DFT-D2 is partially mimicked.
The adsorption energies for thiophene dimers, 4-thiophene, and 4-thiophene dimers evaluated with the DFT-PBE and DFT-D2 approaches have been gathered in Table II . The adsorption energy of a single thiophene dimer per molecule is −148 meV without vdW and −1.112 eV employing DFT-D2. In both cases the adsorption energy is lower than the corresponding value for the single thiophene molecule which means that the formation of dimers is favored.
However, it is important to note that the DFT-PBE calculations predict that a single 4-thiophene molecule will adsorb along the 110 surface direction (E DFT-PBE ads =−0.344 eV) at variance with the experimental STM results 18 which suggest that it lies along the 11-2 direction (E DFT-PBE ads = −0.286 eV). Similarly, the DFT-PBE adsorption energies for the 4-thiophene dimer configurations shown in Figs. 3(d) and 3(i) (along the 11-2 direction) are by 153 and 115 meV higher than that presented in Fig. 3(c) (along the 110 surface direction). These observations led us to use also the DFT-D2 method for these systems as a limiting theoretical case since we have already shown that, in comparison with the DFT and DFT-D3 approaches, for a single thiophene molecule on Cu(111) the DFT-D2 calculations significantly overestimate the adsorption energy and distort its geometry more than the experiments 14 suggest. Then, for a single 4-thiophene molecule we obtain an adsorption energy of −0.344 eV without vdW and −3.554 eV when applying DFT-D2. Note that the DFT-D2 approach predicts the same ground state as the DFT-PBE one with the 4-thiophene molecule aligned along the 110 direction still in disagreement with experiment. Nevertheless, both DFT-PBE and DFT-D2 calculations indicate that the 4-thiophene molecule is bound stronger to the Cu(111) substrate than a single thiophene molecule. Besides this, the adsorption energy per molecule for the 4-thiophene dimer suggests that also in To calculate the adsorption energy the molecule has been rigidly shifted closer to or farther away from the surface. In (b) the distance between the molecule and the Cu(111) substrate has been fixed while the rest of the molecule was allowed to relax. One can observe that by relaxing the molecular degrees of freedom, the DFT-D2 adsorption curve is less steep in (b) than in (a). On the other hand, these structural relaxations shift the vdW-DF molecule-surface equilibrium distance from 2.67Å in (a) to 2.87Å in (b) and also slightly lowers the adsorption energy minimum from −722 meV to −735 meV. this case the formation of dimers is energetically favored (see Table II ).
An important issue investigated in our study is the relevance of the structural relaxations when the vdW energy contribution to the adsorption energy is evaluated for (a) a rigid shift of the DFT-PBE and DFT-D2 molecular equilibrium geometries along a direction O z perpendicular to the Cu(111) surface and (b) the DFT-PBE molecular geometry is relaxed when displacing the thiophene along O z by keeping the height of the S atom fixed. Therefore, in case (a) the thiophene molecule in its DFT-PBE ground-state geometry [see Fig. 1(a) ]w a s rigidly shifted closer to or farther away from the surface. On the contrary, in case (b) we have fixed the positions of the S atom and the Cu(111) surface and allowed the rest of the molecule to relax. In this way we obtain a minimum energy configuration under the constraint of the fixed molecule surface distance. Then for each molecule-surface configuration calculated with DFT-PBE for a given adsorbate-substrate distance, we added the semiempirical contribution of the van der Waals energy evaluated with the DFT-D2 and DFT-D3 approaches according to Eq. (3) or we evaluated the adsorption energy employing the vdW-DF functional [see Eq. (4)]. From the adsorption energy vs molecule-surface distance curves shown in Fig. 4 , the equilibrium molecule-surface distance as the position of the minimum and the adsorption energy as the depth of the minimum can be obtained. In the case of the DFT-D2 curve one can observe that the molecule-substrate distance of the DFT-D2 equilibrium geometry is reproduced quite well when the molecule is relaxed while an even shorter molecule-surface distance of only 2.2Å is obtained when the thiophene molecule is rigidly shifted along the O z direction. However, the DFT-D2 adsorption energy obtained in the (a) and (b) approaches (−0.896 eV and −0.801 eV, respectively) is higher than that obtained when vdW forces were included in the structural relaxation (−1.018 eV; see Table I ). The same conclusions can be drawn for the DFT-D3 curves which clearly emphasizes the importance of structural relaxations for a proper description of the molecule-surface system of interest. As regarding the vdW-DF calculations, interestingly, the rigidly shifted DFT-PBE geometries lead to a molecule-surface distance of 2.67Å and an adsorption energy of E vdW-DF ads =−722 meV which are identical to the values reported in Table I for the DFT-PBE geometry. However, the use of the relaxed DFT-PBE geometries [i.e., approach (b)] determines a larger molecule-surface distance of 2.87Å and a slightly lower adsorption energy of E vdW-DF ads =−735 meV. An adsorption energy of only −137 meV from our DFT-PBE calculations for a single thiophene on Cu(111) would be characteristic for a physisorbed system such as benzene on Au(111) 44, 45 where the molecule does not form chemical bonds to the surface. However, in our case the charge density difference plots suggest a weak chemisorption bonding process. As depicted in Fig. 5 , upon adsorption of thiophene on the Cu(111) surface a small amount of charge (≈0.1 and ≈0.2 electrons for DFT-PBE and DFT-D2 calculations, respectively) is transferred from the molecule to interface and accumulates between the molecule and surface. Besides this, as shown in Fig. 6(a) , at the molecular site a charge rearrangement process also takes place which implies that the bonding of a single thiophene to the Cu(111) surface involves both the π -electron system and the sulfur lone-pair electrons.
In consequence, it is important to investigate the origin of the difference between E DFT-PBE ads and E vdW-DF ads evaluated for the same ground-state molecule-surface adsorption geometry and its corresponding charge density. Since we used the same exchange functional for both calculations, the difference between these two adsorption energies can be expressed as Fig. 6(d) , the nonlocal correlation binding energy is spatially localized mainly around the sulfur atom and the Cu atom underneath while the semilocal correlation binding energy is mainly localized in a region between these atoms where the weak chemical bond is formed [see Fig. 6(c) ]. In the Supplemental Material 46 we attach movies that illustrate more clearly this striking difference. It is also important to note that a similar physical picture has been obtained when the vdW-DF method was applied to DFT-D2 and DFT-D3 relaxed geometries. 085439-8
C. Electronic structure
We have already discussed in Sec. III A that for a single thiophene molecule the DFT-PBE geometry is closer to the experimental one than the DFT-D2 geometry. Nevertheless, from a theoretical point of view, it is important to investigate the flat DFT-D2 adsorption geometry as a limiting theoretical case even if so far no experimental evidence for such flat geometry is available. Since the molecule-metal distance is different for the tilted DFT-PBE and flat DFT-D2 adsorption geometries, it may be interesting to analyze the difference between their electronic structure. Therefore, in Fig. 7 we report the projected density of states (PDOS) for the single thiophene molecule adsorbed on Cu(111) obtained for the DFT-PBE and DFT-D2 adsorption configurations. The upper panel shows the projections on the s and p states of the C, S, and H atoms which in the case of a gas-phase thiophene molecule would correspond to σ -and π -type molecular orbitals. The PDOS obtained for the DFT-PBE calculations reveals that the interaction between the p z atomic-type orbitals of the molecule with the d states of the metal leads to the formation of hybrid molecule-surface interface states in an energy range between −3 eV and −1.25 eV. When including the vdW interactions, the thiophene molecule comes closer to surface leading to a stronger molecule-surface interaction and, therefore, most of these interface states are shifted to lower energies. In addition, the sharp peak present at 2.1 eV above Fermi level in the DFT-PBE PDOS diagram is broadened and shifted to lower energies when including the vdW interactions. The middle panels of Fig. 7 present the PDOS of the Cu atom below the S one while the lower panels show the PDOS of an Cu atom of the clean surface. One can observe that the shape of the in-plane d states (d xy and d x 2 −y 2 ) are practically not affected by the adsorption of thiophene onto the Cu surface, while the shape of the out-of-plane d orbitals (d xz , d yz , and d z 2 ) is changed due to the strong molecule-metal hybridization. Moreover, the out-of-plane d orbitals are pushed to lower energies in the case of the DFT-D2 geometry as compared to the DFT-PBE one. We also note that similar PDOS features are present in the case of thiophene dimers or 4-thiophene molecules adsorption on the Cu surface.
The differences in the electronic structures of the two DFT-PBE and DFT-D2 geometries can be easily observed in the simulated constant current images (see Fig. 8 ) within the Tersoff-Hamann (TH) model 47 for several bias voltages. These images are obtained by plotting isosurfaces of the energy integrated charge density from the Fermi level up to a given bias voltage. These isosurfaces correspond to surfaces of constant current within TH model. The STM images obtained with the relaxed DFT-PBE geometry do not vary much with the bias voltage. For negative bias voltages (corresponding to the occupied molecule-surface states) they show a round-shaped feature which is slightly more rectangular for positive bias voltages (corresponding to the unoccupied molecule-surface states). Due to a tilted DFT-PBE adsorption geometry, a slight asymmetry of the simulated STM images can be observed as a brighter upper part of these images. In contrast to the DFT-PBE case, the simulated STM images for the DFT-D2 relaxed geometry show a clear pentagonal structure for negative bias voltages. For positive bias voltages, this contrast is enhanced since the STM images have a crosslike shape. Overall, the topographic differences between the STM images at the same bias voltage obtained for the tilted DFT-PBE and flat DFT-D2 geometries are due to a stronger molecule-surface hybridization in the DFT-D2 case. We suggest that the clear features present in the simulated STM images for the flat DFT-D2 geometry (as a limit case for a stronger molecule-surface interaction than that predicted for a single molecule) at positive bias voltages could be easily identified in an STM experiment.
IV. CONCLUSIONS
To summarize, in this ab initio study we have investigated the adsorption of thiophene, 4-thiophene, and their dimers on the Cu(111) surface. The relevance of the London dispersion effects on the molecule-surface adsorption geometry and the corresponding binding energy was evaluated by means of two semiempirical methods (DFT-D2 and DFT-D3, respectively) as well as by employing a nonlocal correlation energy functional (vdW-DF) developed from first principles. From the geometrical point of view, in the case of a single thiophene on the Cu(111) substrate the DFT-PBE relaxed geometry is quite close to the experimental one with a tilt angle of 18 • and a molecule-surface distance of 2.67Å while the DFT-D2 calculations predict a flat adsorption geometry. It is interesting to note that the tilt angle of the DFT-D3 relaxed geometry is between the DFT-PBE and DFT-D2 values while its thiophene-Cu(111) distance is identical to the DFT-PBE one. From the energetic point of view, the DFT-PBE calculations predict that a single thiophene molecule on Cu(111) is physisorbed with an adsorption energy of −0.137 eV while the DFT-D2 approach significantly overestimates it. Importantly, the adsorption energy calculated with the DFT-D3 method is quite close to the experimental value (−0.59 eV). However, for the DFT-PBE relaxed geometry, the use of the nonlocal correlation energy functional vdW-DF changes the strength of the interaction between a single thiophene molecule with the Cu(111) surface from a value characteristic to a physisorption bonding mechanism to one corresponding to a weak chemisorption. This change is related to a different behavior of the nonlocal (vdW-DF) versus semilocal (PBE) correlations as clearly illustrated by the plots of the adsorption binding energy density in the real space. We have also studied the electronic structure of a single thiophene molecule adsorbed on Cu(111) and the predicted STM images for the DFT-PBE and DFT-D2 geometries show a clear difference which could be easily observed in an STM experiment. As regarding the 4-thiophene on Cu(111), both DFT-PBE and DFT-D2 methods predict that a single 4-thiophene will adsorb with the molecular long axis aligned along the 110 surface direction instead of the 11-2 one as suggested by recent STM experiments. Finally, the DFT-PBE as well as DFT-D2 calculations show that the adsorption of thiophene and 4-thiophene dimers are energetically favorable with respect to that of single molecules.
